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We have considered the 1D spin-1/2 Ising model with added Dzyaloshinskii-Moriya (DM) in-
teraction and presence of a uniform magnetic field. Using the mean-field fermionization approach
the energy spectrum in an infinite chain is obtained. The quantum discord (QD) and concurrence
between nearest neighbor (NN) spins at finite temperature are specified as a function of mean-field
order parameters. A comparison between concurrence and QD is done and differences are obtained.
The macroscopic thermodynamical witness is also used to detect quantum entanglement region in
solids within our model. We believe our results are useful in the field of the quantum information
processing.
PACS numbers: 03.65.Ud; 03.67.Mn; 75.10.Pq
I. INTRODUCTION
In the last few years, the entanglement which comes
from quantum information may lead to the further in-
sight into the other areas of physics such as condensed
matter and statistical mechanics1–8. Entanglement can
be of various types, e.g., bipartite, multipartite, entan-
glement entropy etc, for which a number of quantitative
measures exist. The entanglement content of quantum
states and its variations have been extensively investi-
gated in recent years2–5.
However, It is not the whole story and the entangle-
ment dose not show all quantum correlations among dif-
ferent constituents of a quantum system. The notion of
quantum discord (QD) introduced by Ollivier and Zurek9
can measure the quantumness of correlations (including
entanglement). The QD is considered as quantum corre-
lation and quantum resource likewise entanglement. It is
curious to ask what the characteristic of QD is at finite
temperature, and what the differences are between ther-
mal QD (TQD) and entanglement in a system. The au-
thors pointed out that the QD, in contrast to the entan-
glement of formation (EOF), can detect those quantum
correlations present in certain separable mixed states9.
In the topic of quantum magnets, a lack of inversion
symmetry make ones, to consider an extra exchange cou-
pling between spins in the magnetic materials than the
usual and well known the isotropic exchange ~Si · ~Sj . In
this respect, Dzyaloshinskii has shwon10 that an anti-
symmetric exchange ~Dij · (~Si × ~Sj) should be considered
in these magnetic materials. Later, Moriya has shown11
that inclusion of the spin orbit coupling on the magnetic
ions in the 1st and 2nd order leads to antisymmetric and
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anisotropic exchange respectively.
This interaction is, however, rather difficult to han-
dle analytically, but it is one of the agents responsible
for magnetic frustration. Since this interaction may in-
duce spiral spin arrangements in the ground state12, it is
closely involved with ferroelectricity in multiferroic spin
chains13,14. Besides, the DM interaction plays an impor-
tant role in explaining the electron spin resonance ex-
periments in some one-dimensional antiferromagnets15.
Moreover, the DM interaction modifies the dynamic
properties16 and the quantum entanglement17,18 of spin
chains19. Behavior of quantum and classical correla-
tions in the XY-spin chain with DM interaction also was
discussed20. Using Bethe Ansatz technique, authors in
Ref.21, have investigated the QD in the spin-1/2 XXZ
chain system.
In this article we study the thermal behavior of the
pairwise QD and EOF, in an infinite spin- 12 Ising chain
with added Dzyaloshinskii-Moriya interaction subjected
to an external longitudinal magnetic field. Such contri-
butions, to the best knowledge of authors, have not been
considered in previous works. Here, using the Jordan-
Wigner transformations22 we diagonalize the Hamilto-
nian of the system and then obtain the QD and EOF
as a function of order parameters. We also use macro-
scopic thermodynamic properties as entanglement wit-
ness to detect the presence of entanglement in solid state
systems.
This paper is organized as follows. In Sect. 2 we briefly
review the definition of the QD and the EOF from the
information theory point of view. In Sect. 3 we intro-
duce the spin-1/2 Ising chain with DM interaction and
describe briefly the technique of Jordan-Wigner trans-
formation and the mean-filed approximation used to di-
agonalize the Hamiltonian. In Sect. 4 we analyze the
behavior of the QD and the EOF under the influence of
the DM interaction, the longitudinal magnetic field and
the temperature. In Sect. 5 we use macroscopic thermo-
dynamic witness to detect quantum entanglement region
2in solids which is described by our model. Finally, in
Sect. 6 a brief summary is given.
II. QUANTUM CORRELATION
A. Quantum Discord
We first present a brief review of the QD, which is de-
fined as the difference between two expressions of mutual
information extended from the classical to the quantum
system. In classical information theory, the total correla-
tion between two systems A and B, whose state is math-
ematically represented by a joint probability distribution
p(A,B), can be obtained by the mutual information
We first present a brief review of the QD, which is de-
fined as the difference between two expressions of mutual
information extended from the classical to the quantum
system. In classical information theory, the total correla-
tion between two systems A and B, whose state is math-
ematically represented by a joint probability distribution
p(A,B), can be obtained by the mutual information
I(A : B) = H(A) +H(B)−H(A,B), (1)
where H(·) = −∑i pi log2 pi is the Shannon entropy, and
pi shows the probability of an event i relevant to the
system A or B or the joint system AB. By using the
Bayes rule, one can rewrite the mutual information as
I(A : B) = H(A)−H(A|B), (2)
where H(A|B) = H(A,B) −H(B) denotes the classical
conditional entropy and it is employed to quantify the
ignorance (on average) regarding the value of A when
one knows B. In classical information theory, these two
expressions are equivalent, but there is a difference be-
tween them in the quantum world. In order to generalize
these expressions to the quantum world, we replace clas-
sical probability distribution by the density operator ρ
and the Shannon entropy by the von Neumann entropy
S(ρ) = −Tr(ρ log2 ρ). In particular, if ρAB denotes the
density operator of a composite bipartite system AB,
then ρA(ρB) the reduced density matrix of subsystem
A(B). Now one can give the quantum versions of Eqs.(1)
and (2), respectively:
I(ρA : ρB) = S(ρA) + S(ρB)− S(ρAB), (3)
L(ρA : ρB) = S(ρA)− S(ρA|ρB), (4)
where S(ρA|ρB) is a quantum generalization of the con-
ditional entropy for A and B, and it cannot be directly
obtained via the replacement of the Shannon entropy by
the von Neumann entropy. To get access quantum con-
ditional entropy, we choose projective measurements on
B described by a complete set of orthogonal projectors,
Πi, corresponding to outcomes labeled by i. Once the
measurement is made, the state of the system is given by
ρi =
1
pi
(
I ⊗ΠBi
)
ρAB
(
I ⊗ΠBi
)
, (5)
with
pi = Tr
((
I ⊗ΠBi
)
ρAB
(
I ⊗ΠBi
))
, (6)
where I is the identity operator for the subsystem A and
pi denotes the probability for obtaining the outcome i.
The quantum analogue of the conditional entropy is given
by
S(ρAB|{ΠBi }) =
∑
i
piS(ρi), (7)
and then the quantum extension of classical mutual in-
formation is given by
L(ρAB |{ΠBi }) = S(ρA)− S(ρAB|{ΠBi }). (8)
When projective measurements are made on the subsys-
tem B, the non-classical correlations between the sub-
systems are removed. Since the value of L(ρAB|{ΠBi })
depends on the choice of {ΠBi }, L should be maximized
over all {ΠBi } to ensure that it contains the whole of the
classical correlations. Thus the quantity
C(ρAB) = max
{ΠB
i
}
(L(ρAB|{ΠBi })) , (9)
provides a quantitative measure of the total classical
correlations23,24. Once C is in hand, QD can be obtained
by subtracting it from the quantum mutual information
Q(ρAB) = I(ρA : ρB)− C(ρAB). (10)
B. Entanglement of formation
Here, we give a short introduction about the entan-
glement of formation, a well known tool for measuring
the entanglement25. To this end, we needed just to find
the reduced density matrix ρi,j . It has been shown by
Wootters25 that for a pair of qubits, that the concur-
rence C, which changing from 0 to 1, can be served as
a good measure of entanglement. Now the concurrence
between two sites is defined as25
C(ρ) = max{0, λ1 − λ2 − λ3 − λ4}, (11)
where the λi’s are the eigenvalues of R ≡
√√
ρρ˜
√
ρ which
ρ˜ = (σy⊗σy)ρ∗(σy⊗σy) is the spin-flipped state is and σ
is the Pauli matrix . Now we can write the entanglement
bewteen a pair of qubite as
E(ρ) = ho) = g
(
1−√1− C2
2
)
, (12)
where g is the binary entropy function
g(x) = −x log2 x− (1 − x) log2(1− x). (13)
Now, the entanglement of formation is given in terms of
the concurrence C.
3III. THE MODEL
We consider the 1D spin-1/2 Ising model with added
Dzyaloshinskii-Moriya interaction subjected to an exter-
nal magnetic field in the z direction (LF). The Hamilto-
nian of the model is written as
H = J
∑
n
SznS
z
n+1 +
∑
n
D · (Sn × Sn+1)
− h
∑
n
Szn, (14)
where Sn is the spin-1/2 operator on the n-th site, h is
the longitudinal magnetic field (LF), J > 0 is the anti-
ferromagnetic coupling constant and D = Dzˆ denotes a
uniform DM vector. In the absence of the LF, the ground
state phase diagram of the model is known27–29. The
spectrum of the model for −D < J ≤ D is gapless and
the system is in the so-called Luttinger-liquid (LL) phase
with a power-law decay of correlations. In the Ising-like
region D < J , the ground state of the model has a Neel
long-range order along the Z axis and there is a gap in
the excitation spectrum. In the presence of the LF, the
spectrum remains gapless if the field does not exceed a
saturated critical value hc = D+J . At zero temperature,
in the absence of the LF, nearest neighbor (NN) spins are
entangled and by increasing the LF the concurrence de-
creases and will be equal to zero at the critical LF, hc.
In the saturated ferromagnetic phase, NN spins are not
entangled28.
Theoretically, the energy spectrum is needed to inves-
tigate the thermodynamic properties of the model. In
this respect, we implement the Jordan-Wigner transfor-
mation to fermionize the Hamiltonian (Eq. (14)). Using
the Jordan-Wigner transformations
S+n = a
†
ne
ipi
∑n−1
m=1 a
†
mam ,
S−n = e
−ipi∑n−1m=1 a†maman,
Szn = a
†
nan −
1
2
, (15)
Hamiltonian (14) takes the form
HF =
∑
n
−iD
2
(
a†nan+1 + ana
†
n+1
)
+ J
∑
n
(
a†nana
†
n+1an+1
)
− (J + h)
∑
n
a†nan + constant . (16)
Treating the Hamiltonian HF in the mean-field approxi-
mation, the interacting fermionic system reduces to a 1D
system of the non-interacting quasi particles30
HMF =
−iD
2
∑
n
(
a†nan+1 + ana
†
n+1
)
− Jγ3
∑
n
(
anan+1 + a
†
n+1a
†
n
)
− Jγ2
∑
n
(
a†n+1an + a
†
nan+1
)
− (2γ1J − J − h)
∑
n
a†nan, (17)
where γi(i = 1, 2, 3) are the mean-field order parameters,
γ1 = 〈a†nan〉,
γ2 = 〈a†nan+1〉,
γ3 = 〈a†na†n+1〉. (18)
By performing a Fourier transformation into the momen-
tum space as an =
1√
N
∑N
n=1 e
−iknak, the mean field
Hamiltonian takes the form
HMF =
∑
k>0
a(k)
(
a†kak + a
†
−ka−k
)
+
∑
k>0
b(k)
(
a†−ka−k + a
†
kak
)
− i
∑
k>0
c(k)
(
aka−k − a†−ka†k
)
, (19)
where
a(k) = 2Jγ2 cos(k) + 2Jγ1 − J − h,
b(k) = D sin(k),
c(k) = 2Jγ3 sin(k). (20)
Finally, by using the following Bogoliubov transforma-
tion
ak = cos(k)βk + i sin(k)β
†
−k, (21)
the diagonalized Hamiltonian is given by
HMF =
∑
k
εkβ
†
kβk, (22)
where εk =
√
a(k)2 + c(k)2−b(k) is the energy spectrum.
Since, the Hamiltonian (14) exhibits both translational
and U(1) invariance, density matrix will be given by
ρi,i+1 =


ρ11 0 0 0
0 ρ22 ρ23 0
0 ρ23 ρ22 0
0 0 0 ρ44

 , (23)
where
ρ11 = 〈njnj+1〉(nj = a†jaj)〉,
ρ22 = 〈nj(1 − nj+1)〉,
ρ33 = 〈nj+1(1 − nj)〉,
ρ44 = 〈1 − nj − nj+1 + njnj+1〉,
ρ23 = 〈a†jaj+1, 〉. (24)
4and
〈nj〉 = γ1
=
1
2
+
1
2π
∫ pi
−pi
a(k)
ε(k)
(
1
1 + eβε(k)
− 1
2
)dk , (25)
ρ23 = γ2 (26)
=
1
2π
∫ pi
−pi
cos(k)(
a(k)
ε(k)
)(
1
1 + eβε(k)
− 1/2)dk ,
where β = 1
kBT
and the Boltzmann constant is consid-
ered equal to one (kB = 1). One should note that the
Fermi distribution function is f(k) = 1
1+eβε(k)
. Using the
solution of the retarded Green’s function31, ρ11 approx-
imately is obtained as 〈njnj+1〉 = γ21 − γ22 . Thus the
concurrence as a function of the mean-field order param-
eters is given as
Cj = max{0, 2(|ρ23| − √ρ11ρ44)},
= max{0, 2(|γ2| −
√
(γ21 − γ22)[(1 − γ1)2 − γ22 ].
(27)
At zero temperature, the magnetization in the absence
of the LF is zero, therfore γ1 = 1/2. In addition, there
is no spin correlation in the xy plane and γ2 = 0. This
leads to unentangled state in the pure Ising model. On
the other hand, in the pure DM interaction model, there
is not any interaction along the z direction and magne-
tization is zero (γ1 = 1/2). In this case concurrence will
be equal to max{0, 2(|γ2|− | 14 −γ2|}. One can show that
the mean-field order parameter γ2 only in the RVB state
takes the maximum value 14 . Thus, the concurrence gets
the maximum value, Cmaxj = 0.5. Due to the induced
quantum fluctuations in the 1D spin-1/2 Ising model
with added DM interaction, the concurrence should be
less than 0.5. Now for studying the QD we follow the
prescription which is introduced by M. Sarandy32. By
defining new variables
c1 = 2ρ23 = 2γ2,
c2 = ρ11 + ρ44 − 2ρ22 = 1− 4γ1 + 4(γ21 − γ22),
c3 = ρ11 − ρ44 = 2γ1 − 1 . (28)
The eigenvalues of ρi,i+1 can be read as
λ0 = γ
2
1 − γ22 ,
λ1 = 1 + γ
2
1 − γ22 − 2γ1,
λ2 = −γ21 + γ22 + γ1 + γ2,
λ3 = −γ21 + γ22 + γ1 − γ2. (29)
Therefore, the mutual information is given by
I(ρi,i+1) = S(ρi) + S(ρi+1) +
3∑
α=0
λα logλα, (30)
where
S(ρi) = S(ρi+1) = (31)
−
[
γ1 log(γ1) + (1 − γ1) log(1 − γ1)
]
.
Classical correlations is obtained by following procedure.
We first introduce a set of projectors for a local measure-
ment on the part (i + 1) = B given by {Bk = VΠkV †}
where {Πk = |k〉〈k| : k = 0, 1} is the set of projectors
on the computational basis |0〉 ≡ | ↑〉 and |1〉 ≡ | ↓〉
and V ∈ U(2). Note that the projectors Bk represent an
arbitrary local measurement on B. We parameterize V
as
V =
(
cos θ2 sin
θ
2e
−iφ
sin θ2e
iφ − cos θ2
)
, (32)
where 0 ≤ θ ≤ π and 0 ≤ φ < 2π. Note that θ and
φ can be interpreted as the azimuthal and polar angles,
respectively, of a qubit over the Bloch sphere. By using
Eq. (6), One can show that the state of the system after
measurement Bk will change to one of the states
ρ0 =

I
2
+
3∑
j=1
q0jS
j

⊗ (VΠ0V †), (33)
ρ1 =

I
2
+
3∑
j=1
q1jS
j

⊗ (VΠ1V †), (34)
where
qk1 = (−1)kc1
[
sin θ cosφ
1 + (−1)kc3 cos θ
]
,
qk2 = tanφqk1,
qk3 = (−1)k
[
c2 cos θ + (−1)kc3
1 + (−1)kc3 cos θ
]
. (35)
Then, by evaluating the von Neumann entropy from
Eqs. (33) and (34) and using S(VΠ0V
†) = 0, we obtain
S(ρk) = −(1 + θk
2
) log(
1 + θk
2
) + (
1− θk
2
) log(
1− θk
2
),
(36)
with
θk =
√√√√ 3∑
j=1
q2kj . (37)
Therefore, the classical correlation for the spin pair is
given by
C(ρ) =
= max
{ΠB
i
}
(
S(ρi)−
S(ρ0) + S(ρ1)
2
− c3 cos θ
S(ρ0)− S(ρ1)
2
)
.(38)
In general, C(ρ) has to be numerically evaluated by opti-
mizing over the angles θ and φ. Once the classical corre-
lation is obtained, insertion of Eq. (30) and Eq. (38) into
Eq. (10) can be used to determine the quantum discord.
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FIG. 1: (Color online.) The concurrence ((a) and (b)) and
QD ((c) and (d)) between NN spins as a function of the tem-
perature for values of the LF less than quantum critical point
and different values of the DM interaction. The inset shows
the same figure for a value of the LF larger than hc.
IV. NUMERICAL RESULTS
Here we present our numerical results based on the the-
oretical formulation introduced in the previous sections.
. In Fig. 1, we have presented thermal behavior of the
concurrence (Fig. 1(a), (b)) and the QD (Fig. 1(c), (d)).
It can be clearly seen that at zero temperature, NN spins
are entangled in the quantum LL phase (h < hc). By
increasing temperature both concurrence and QD start
to decrease. There is a field-independent critical temper-
ature (Tc) point in which concurrence vanishes, whereas
QD shows an asymptotic behavior which is in agreement
with results obtained by Bethe ansatz approach33,34. In
principle, at the mentioned critical temperature a part of
quantum correlations which contributes in the entangle-
ment of formation will be destroyed by classical thermal
fluctuations. So at T = Tc the concurrence is zero and
one can derive the equation
γ2 = −
√
1−
√
1− γ21 + γ41 . (39)
By solving this equation, the critical temperature, Tc,
will be obtained in whole range of parameters. Note in
the absence of the LF γ1 = 1/2, at any value of the
temperature and DM interaction, thus the critical tem-
perature can be recast as
γ2(Tc , h = 0, D) =
1−√2
2
(40)
=
1
2π
∫ pi
−pi
cos(k)(
a(k)
ε(k)
)(
1
1 + eβcε(k)
− 1/2)dk.
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FIG. 2: (Color online.) The concurrence ((a) and (b)) and
QD ((c) and (d)) between NN spins as a function of the LF
for different values of the temperature and DM interaction.
Moreover, for the LF more than the quantum critical
point, NN spins are unentangled at zero temperature (see
the inset of Fig. 1). By increasing the temperature from
zero, NN spins remain unentangled up to a critical tem-
perature, Tc1. The existence of this critical temperature
can be related to the fact that the system is gapped in
the saturated ferromagnetic phase. It shows that in the
gapped saturated ferromagnetic phase, the quantum cor-
relations appear only at a finite value of the temperature
proportional to the spin gap. As soon as the temperature
increases from Tc1, both the concurrence and QD retrieve
and take a maximum value. It be should noted that the
amount of the (QD)max is almost three times bigger than
the maximum value of the concurrence. More increasing
the temperature, the concurrence and QD decrease and
concurrence reaches to zero at a second critical temper-
ature Tc2 , while QD again shows asymptotic behavior.
This can be considered as an important difference be-
tween the QD and concurrence. The existence of the
second critical temperature shows that thermal fluctua-
tions destroy a part of quantum correlations related to
the concurrence.
The effect of the LF on the quantum correlations
is studied in Fig. 2. In this figure, the concurrence
(Fig. 2(a) and (b)) and the QD (Fig. 2(c) and (d)) are
plotted as a function of the LF. At zero temperature, NN
spins are entangled in the absence of the LF28. When a
LF applies the NN spins remain entangled up to the crit-
ical LF (hc). In the saturated ferromagnetic field the
system becomes unentangled. It is worth to note that
at zero temperature the QD also show a critical field in
which it is zero in the saturated ferromagnetic phase. At
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FIG. 3: (Color online.) The concurrence ((a) and (b)) and
QD ((c) and (d)) between NN spins as a function of the DM
interaction for different values of the temperature and LF.
finite temperature, both concurrence and QD decrease
with increasing the LF and vanishes in a LF which de-
pends on the temperature. Here we point out the DM
interaction effects on quantum correlations. Concurrence
and QD show minor decreasing trend versus tempera-
ture for higher DM interaction. It is obvious how the
higher DM interaction in the system can persist over
quantum fluctuations and preserve the quantum corre-
lations. This future is more profound in the concurrence.
Indeed, in Fig. 2 we have only chosen two DM interac-
tions D = 0.5, 1.5 to verify this fact. In what follows, we
will focus on this issue in details.
Fig. 3 shows the behavior of the concurrence and the
QD versus the DM interaction. When DM interaction
is very small, the ground state of the system is in the
Neel phase in the region h < hc. In the Neel phase the
NN spins are entangled33,34. On the other hand, in the
saturated ferromagnetic phase, h > hc, NN spins are
unentangled at zero temperature. It is obvious that by
applying the DM interaction, concurrence and QD in-
crease and reach to a saturation value. In addition, by
increasing temperature all quantum correlations reduce,
but only quantum correlations of the concurrence will
be destroyed at a critical temperature. To this reason,
a zero-plateau is observed in the curve of the concur-
rence (Fig. 3(a)). The existence of the zero-plateau in
Fig. 3(b) is rooted to the quantum fluctuations in the
saturated ferromagnetic phase. The lake of zero-plateau
in the curve of the QD confirms this fact that the quan-
tum correlations of QD are very robust in comparison
with concurrence.
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FIG. 4: (Color online.) The parameter region of critical tem-
perature T and (a) the DM interaction (h = 0.5), (b) the LF
(D = 0.5).
V. ENTANGLEMENT WITNESS
The realization that entanglement can also affect
macroscopic properties of bulk solid-state systems, has
increased the interest in characterizations of entangle-
ment in terms of macroscopic thermodynamical35–37 ob-
servables. The entanglement witness is called an ob-
servable which can distinguish between entangled and
separable states in the quantum physics38. From an
experimental point of view, several methods for detec-
tion of entanglement using witness operators have been
proposed37. As a result of these studies, entanglement
witnesses have been obtained in terms of expectation
values of thermodynamic observables such as internal en-
ergy, magnetization and magnetic susceptibility. As we
have shown, the spin-orbit coupling introduces off diag-
onal terms in the Ising Hamiltonian. In this case, re-
sults concerning Hamiltonian based on diagonal exchange
7interactions37,39 do not apply. In a recent work40, an
appropriately generalized entanglement witness is con-
structed where will be used in following. Let U = 〈H〉
and M =
∑N
n=1 S
z
n be the internal energy and the mag-
netization along field respectively. Then Eq. (14) yields
U + hM
N
=
1
N
∑
n
〈[D(SxnSyn+1 − SynSxn+1) + JSznSzn+1]〉.
(41)
The right-hand of this equation is an entanglement wit-
ness. For any classical mixture of products states (or
separable state), the density matrix is written as
ρ =
∑
k
ωkρ
1
k ⊗ ρ2k ⊗ ...ρNk , (42)
where
∑
k ωk = 1 and all ωk ≥ 0. Using such density
matrix, easily one can find: 〈SαnSβn+1〉 = 〈Sαn 〉〈Sβn+1〉 and∑
α=x,y,z〈Sαn 〉2 ≥ 14 . Thus, the entanglement witness in
the separable state has the upper bound as
| 1
N
∑
n
〈[D(SxnSyn+1 − SynSxn+1) + JSznSzn+1]〉|Max =
| ND + J −D
N
∑
n
〈SznSzn+1]〉|. (43)
Then the solid state system is in an entangled state if
W = |U+hM|
ND
≥ 14 . Applying the fermionized operators,
the entanglement witness is obtained as
W = |γ21 − γ22 − γ1 + γ2 +
1
4
|. (44)
Using this equation we have determined the parameter
regions where entanglement can be detected in the solid
state systems. Results are presented in Fig. 4 (a) and
(b). In the presence of the magnetic field less than the
quantum critical point (Fig. 4(a)), by adding DM inter-
action, the critical temperature increases almost linearly
in complete agreement with our results on the concur-
rence and also Refs.33,34. The effect of the LF on the
critical temperature is shown in Fig. 4(b). As it is seen
the critical temperature decreases by increasing the LF
and will be zero for values of the LF h(D = 0.5) ≥ 1.2.
VI. CONCLUSION
To summarize, we have studied the thermal quantum
correlations in the 1D spin-1/2 Ising model with added
Dzyaloshinskii-Moriya (DM) interaction in the presence
of a uniform longitudinal magnetic field(LF). First, using
the Jordan-Wigner transformation the model is trans-
formed to a 1D fermionized model. Then, using the
mean-field approach the energy spectrum in an infinite
chain is obtained.
By using the mean-field order parameters, we have de-
termined the quantum discord (QD) and the concurrence
between nearest neighbor (NN) spins at finite tempera-
ture. In principle, our approach is applicable to all cases
contain the interacting fermions. A complete compari-
son between concurrence and the QD is done. At zero
temperature, NN spins are entangled in the Neel phase
(h < hc) and unentangled in the saturated ferromagnetic
phase (h > hc). When system is in the Neel phase, the
thermal fluctuations decrease all quantum correlations,
but only destroy the quantum correlations of the concur-
rence. The quantum correlations of the QD exist even at
finite temperatures which shows that the quantum cor-
relations of QD are very stronger than the concurrence.
On the other hand, when the ground state has the ferro-
magnetic long-range order, there is not any quantum cor-
relation at zero temperature. Increasing the temperature
from zero, the NN spins remains unentangled up to a crit-
ical temperature which is rooted in the spin gap. More
increasing the temperature, the concurrence and the QD
regain and take a maximum value. The amount of the
(QD)max is almost three times larger than the maximum
value of the concurrence. After this maximum, concur-
rence and QD decrease and concurrence reaches zero at
a critical temperature while QD never goes zero. The
existence of the second critical temperature shows that
thermal fluctuations will destroy a part of quantum cor-
relations related to the concurrence but are not enough
strong to destroy all quantum correlations.
Using macroscopic thermodynamic witnesses we have
investigated quantum entanglement region in solids
within our model. We have found that in the presence of
the magnetic field less than the quantum critical point by
adding DM interaction, the critical temperature increases
almost linearly. The effect of the LF on the critical tem-
perature is also shown that the critical temperature de-
creases with increasing the LF and will be zero for values
of the LF h(D = 0.5) ≥ 1.2.
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